The transport of L-methionine by the gram-positive species Brevibacterium linens CNRZ 918 is described. The one transport system (Km = 55 ,uM) found is constitutive for L-methionine, stereospecific, and pH and temperature dependent. Entry of L-methionine into cells is controlled by the internal methionine pool. Competition studies indicate that L-methionine and aL-aminobutyric acid share a common carrier for their transport. Neither methionine derivatives substituted on the amino or carboxyl groups nor D-methionine was an inhibitor, whereas powerful inhibition was shown by L-cysteine, s-methyl-L-cysteine, DL-selenomethionine and DL-homocysteine. Sodium plays important and varied roles in L-methionine transport by B. linens CNRZ 918: (i) it stimulates transport without affecting the Km, (ii) it increases the specific activity (on a biomass basis) of the L-methionine transport system when present with methionine in the medium, suggesting a coinduction mechanism. L-Methionine transport requires an exogenous energy source, which may be succinic, lactic, acetic, or pyruvic acid but not glucose or sucrose. The fact that L-methionine transport was stimulated by potassium arsenate and to a lesser extent by potassium fluoride suggests that high-energy phosphorylated intermediates are not involved in the process. Monensin eliminates stimulation by sodium. Gramicidin and carbonyl cyanide-m-chlorophenylhydrazone act in the presence or absence of Na+. N-Ethylmaleimide, p-chloromercurobenzoate, valinomycin, sodium azide, and potassium cyanide have no or only a partial inhibitory effect. These results tend to indicate that the proton motive force reinforced by the Na+ gradient is involved in the mechanism of energy coupling of L-methionine transport by B. linens CNRZ 918. Thus, this transport is partially similar to the well-described systems in gram-negative bacteria, except for the role of sodium, which is very effective in B. linens, a species adapted to the high sodium levels of its niche.
Methionine transport has been extensively investigated in gram-negative bacteria and in yeasts. A transport system with high affinity (Kms ranging from 0.1 to 12 ,uM) for L-methionine has been described in Escherichia coli (14, 15) , Salmonella typhimurium (1) , and Yersinia pestis (25) . A second transport system with low affinity for L-methionine (Km = 40 ,uM) has also been described in E. coli (14, 17) . In addition to a second system (Km = 24 ,uM) in S. typhimurium, there exists a third system with an even lower affinity (18 mM) (2) . The transport and utilization of D-methionine and a number of derivatives have been recently reported (6, 16) . In some cases, mutants deficient in one of the transport systems have been isolated (1, 2, 14, 16, 17) and the genes responsible for permease synthesis have been mapped. These genetic studies indicated the presence of two genes, metD and metP, coding for the first and second methionine transport systems, respectively (6, 14, 17) .
Na+-dependent transport of sugars and amino acids has been described in a large number of animal cell systems. Several reports have appeared indicating that Na+ ions stimulate bacterial transport of sugars (26) , of amino acids, e.g., o-aminobutyrate in Pseudomonas species (7, 32) and alkalophilic species of Bacillus (19) , and of glutamate in E. coli (29, 33) and Halobacterium halobium (21) .
In contrast to available data on L-methionine transport by gram-negative bacteria, there are apparently no published reports concerning gram-positive species. Until the present, no studies have dealt with the role of Na+ ions in methionine transport by gram-negative or -positive bacteria, with the exception of that of Kitada and Horikoshi (19) , in which it 2160 FERCHICHI ET AL.
as described elsewhere (9) , except that sodium DL-lactate was replaced by DL-lactic acid. The pH was adjusted with KOH.
Preparation of cells and transport experiments: exponentially growing cells in BM-L-methionine containing 0.17 M Na+ (9) (except where indicated otherwise) were harvested by centrifuging at 12,500 x g (Servall centrifuge) for 10 Transport kinetics. Uptake constants were determined from Woolf plots (34). The L-methionine transport system has a low affinity for L-methionine (Km = 55 ,uM; Vmax = 14.6 nmol s-1 g-1).
Effect of temperature and pH. The optimal temperature for L-methionine uptake (12.2 nmol s-1 g-1) was 35°C (activity reduced to 50% at 42 and 17°C). L-Methionine transport was sensitive to pH and the type of buffer. Thus, in 50 mM potassium phosphate buffer, transport was maximal (80 nmol s-i g-1) at pH 7.7, whereas it was 8 times lower in 50 mM Tris hydrochloride at the same pH.
Specificity of transport: effects of amino acids and various structural analogs. L-Methionine transport was not inhibited by D-methionine, L-methionine-containing peptides, L-methionine sulfoxide, and DL-methionine-S-methylsulfonium chloride (Table 1) . In contrast, a-aminobutyric acid, Lcysteine, S-methyl-L-cysteine, DL-homocysteine, DL-selenomethionine, S-ethyl-L-cysteine, and L-ethionine were powerful inhibitors (Table 1) . Analogs with modified ot-amino or carbonyl functions were also inhibitors, but inhibition did not exceed 40% (Table 1) .
Transport was considerably stimulated by the sodium salts of ot-ketobutyrate and a-keto-y-methiol butyrate, but this was probably an effect of Na+.
L-Methionine uptake was inhibited by nonpolar branchedchain amino acids such as alanine, valine, leucine, isoleucine, and phenylalanine. Only lysine stimulated uptake (1.4- fold). The other amino acids had little or no effect (Table 1) . 95  100  100  100  80  105  90  10  15  45  55  20  20  60  40  70  490  300  115   120  140  105  95  90  88  85  80  80  80  70  70  65  60  45  30  30  30 extents by unstarved (Fig. 2a) or DNP-starved cells (Fig.  2b) .
Effects of metabolic inhibitors. CCCP plus Na+ or CCCP alone and alkylating agents (N-ethylmaleimide, p-chloromercuribenzoate) were powerful transport inhibitors, whereas valinomycin or cyanide led to only 60% inhibition (Table 2) . L-Methionine transport was considerably stimulated by poa Unlabeled amino acid or analog (1 mM) and L-[3,4-'4C]methionine (0.1 mM) were added together to the cell suspension. Cells were filtered after 2 min.
I Control value was 0.8 ,umol g-'.
The efflux of L-methionine from cells was investigated with chase experiments. During 20 min, a 10-fold higher concentration (1 mM) of unlabeled D-or L-methionine was added to cells that were accumulating L-[3,4-'4C]methionine (Fig. 1) . The addition of unlabeled L-methionine decreased the incorporation of radioactivity by cells, whereas the D isomer had no effect. The chase of labeled L-methionine tended to stabilize after 3 to 4 min at 3.5 ,umol mg-'. This value corresponds to the quantity of trichloroacetic acidinsoluble cell material when the unlabeled amino acid was added. These results demonstrate the stereospecificity of the L-methionine transport system. Thus, after cells were labeled with radioactive L-methionine for 20 min, about 40% of the amino acid was incorporated in proteins and tRNA (Fig.   1) .
Effect of the energy source. The rate of L-methionine uptake decreased when the energy reserve of cells was exhausted (Fig. 2) . Only succinic, lactic, acetic, and pyruvic acids increased the rate of L-methionine uptake to similar tassium arsenate, whereas potassium fluoride and sodium azide resulted in only a slight stimulation. Action of metal ions on transport. Some monovalent cations (10 mM) stimulated L-methionine uptake. The greatest stimulation was obtained with Na+, Li', and K+, leading to 12-, 2.6-, and 1.4-fold stimulations, respectively. Ca2+ had no effect, and Rb2 , Cs', and Mg2+ inhibited (30%).
General properties of Na+-dependent L-methionine uptake. (i) Effect of the Na+ concentration in the culture medium. Regardless of the Na+ concentration of the BM-L-methionine medium, the initial rate of transport was identical up to 50 mM Na+ in the medium. Beyond that, the initial rate of L-methionine uptake by nonproliferating cells depended on the Na+ concentration in the culture medium. The highest initial rate of transport was obtained when the medium contained about 1 M Na+ (Fig. 3) .
(ii) Effect of the Na+ concentration in the suspension buffer.
The initial rate of L-methionine uptake by cells grown in Na+-free BM-L-methionine was stimulated 10-and 20-fold, respectively, by 1 and 10 mM Na+ in the suspension buffer (data not shown). Also, the initial rates of L-methionine uptake by cells grown in BM-L-methionine containing 0.17 or 1 M Na+ were stimulated by Na+ added to the suspension buffer (Fig. 4) . In both cases, optimal stimulation was 12-and 15-fold, respectively, obtained with 1 to 50 mM and 1 to 20 mM Na+ (Fig. 4) . Beyond this optimal stimulatory concentration, the effect decreased and reached zero for 2 M and 1 M for cells grown in the presence of 0.17 M and 1 M Na+, respectively (data not shown). The affinity of the L-methionine transport system, however, was unaffected by 10 and 100 mM Na+ (data not shown). The osmotic pressure of the cell suspensions in these experiments was held constant by adding appropriate quantities of KCI. A slight effect of K+ on L-methionine transport was detected at high or low concentrations.
(iii) Effect of gramicidin and monensin in the presence of Na+. Gramicidin had a drastic effect on L-methionine transport by cells grown in BM-L-methionine containing 0.17 M Na+ in the presence (10 mM) or absence of Na+ (Table 2) . Monensin had a comparable effect only in the presence of Na+. (20, 23) , has only one L-methionine transport system with low affinity (Km = 55 ,uM). In contrast, the existence of two systems with high and low affinities has been shown in E. coli (14, 17) and S. typhimurium (1, 2) .
The L-methionine transport system is constitutive for L-methionine. L-Methionine--y-demethiolase, however, the intracellular enzyme participating in the degradation of the amino acid, was induced in B. linens CNRZ 918 by Lmethionine (8-10). The rate of methionine transport is apparently independent of the physiological state of the cells (rods or cocci), invalidating one of our previous hypotheses (10) , and seems to depends on the L-methionine concentration in the medium. Thus, the uptake rate by cells grown in defined medium containing lactic acid and ammonium sulfate as sole carbon and nitrogen sources was about 3 times higher than that by cells grown in the same medium containing L-methionine. This shows that permease activity is partially governed by the internal methionine pool, as has been shown in E. coli (15) .
The L-methionine transport system in B. linens CNRZ 918 has a high degree of stereospecificity for L-methionine, as reported for S. typhimurium (1) and E. coli (14) (15) (16) . Certain L-methionine analogs and amino acids with nonpolar branched chains were powerful uptake inhibitors, showing the lack of specificity of the transport system.
The peptides L-Ala-L-Met and L-Met-L-Ala did not enter B. linens CNRZ 918 cells via the L-methionine transport system. This is in contrast with findings in E. coli, where methionine-containing dipeptides were inhibitors of methionine transport (16) . The amino and acid functions of Lmethionine play an important role in its transmembrane transport in B. linens CNRZ 918, again in contrast to the situation in E. coli (14) . Thus, an addition on the sulfur atom or the blocking of the amino or acid function with a voluminous group had no effect on L-methionine transport. When side-chain length was modified, however, transport was inhibited, to a great extent in some cases. This confirms findings by Mantsala et al. in P. fluorescens UK1 (23), i.e., ethionine, S-methyl-L-cysteine, and S-ethyl-L-cysteine competitively inhibited L-methionine transport, whereas Kadner (16) reported that ethionine and S-methyl-L-cysteine were not inhibitors, as in E. coli.
L-Methionine, whose transport is inhibited 90% by oxaminobutyrate, reciprocally inhibits a-aminobutyrate transport by 90%, suggesting that the two metabolites are transported by the same system. L-Methionine transport in B. linens CNRZ 918 was greatly stimulated by Na+ ions. This can be correlated with a more efficient production of methanethiol from L-methionine by the cells and better growth resulting from the addition of a low concentration of Na+ to the culture medium, coupled with the halotolerance of the strain. Our results (Fig. 4) show that one of the effects of Na+ in the medium is to increase the specific activity of the L-methionine transport system. It also stimulates the inductionof L-methionine-y-demethiolase, an enzyme participating in methionine breakdown (9) . This cationic stimulation of transport was also observed in other orange coryneform strains. The initial rates of serine, phenylalanine, and tyrosine uptake by B. linens CNRZ 918 (data not shown) were also Na+ dependent, in contrast to reports by Boyaval et al. (4) These results are consistent with those obtained with metabolic inhibitors. The L-methionine transport system is sensitive to sulfhydryl group reagents (p-chloromercuribenzoate, N-ethylmaleimide), of which a part of their action involves the inhibition of substrate phosphorylation with the resulting impossibility of forming vital ATP. These inhibitors could also block at least one sulfhydryl group required for L-methionine permease activity, as suggested by Montie and Montie (25) for Y. pestis. The latter case would seem to be the working hypothesis on our system, since glycolysis inhibitors (potassium fluoride, potassium arsenate) did not inhibit methionine transport, in contrast to published data (14, 18, 25) . On the other hand, the transport system was sensitive to inhibitors of the processes creating chemiosmotic energy according to the Mitchell hypothesis (24), e.g., valinomycin and to a greater extent CCCP. The latter resulted in a total inhibition of L-methionine uptake. This shows the important role in L-methionine transport in B. linens CNRZ 918 played by the energy source, proton conduction, as shown for phenylalanine in other strains of this species (3, 4) , as well as the Na+ gradient across the membrane.
The L-methionine transport system of B. linens, as in Y. pestis (25) , was also sensitive to the respiratory poison KCN. The stimulation observed with azide (in the form of the Na+ salt) could be due to the effect of Na+ ions, with the azide effect being masked. Na+ ions stimulated (12-fold) L-methionine uptake; azide canceled Na+ stimulation and had no significant effect on the basal level of L-methionine uptake.
Na+ ions apparently do not participate at the level of affinity of the transport system for L-methionine, but rather lead to an increased membrane potential and thus of cellular energy capacity by establishing an Na+ gradient across the membrane, as reported by Skulachev (31) . As soon as the pH gradient was abolished (by CCCP) in the presence of absence of Na+ ions, uptake decreased 10-fold. Thus, Na+ cannot counteract the effect of CCCP. Na+ entry into cells leads to increased proton efflux, creating a higher pH gradient involved in the mechanisms of energy coupling of L-methionine transport by B. linens CNRZ 918.
